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We demonstrate that the interaction between excitons and a sea of incoherent electrons does not
preclude excitons dressing by light. We investigate the role of exciton-electron scattering in the light
dressing by measuring the dynamical absorption spectrum of a modulation-doped CdTe quantum
well, which shows a clear evidence for significant electron scattering of the excitonic states. We
show the occurrence of dressed and correlated excitons by detecting quantum coherent interferences
through excitonic Autler-Townes doublet and ac Stark splitting, which evolves to Mollow triplet
with gain. We also evidence the partial inhibition of the electron-exciton scattering by exciton-light
coupling.
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The absorption spectrum of semiconductor quantum
wells is dominated by the exciton line. The role of many-
body interactions and exciton correlations in the exciton
dynamical absorption spectrum has attracted much in-
terest for several decades. The response of the exciton
absorption to an incoherent and thermalized electron-
hole population obtained through non resonant pumping
in the continuum corresponds mainly to a bleaching of
the exciton resonance. This bleaching, which increases
with electron-hole concentration, is dominated by col-
lision broadening (excitation-induced dephasing) rather
than by the saturation of the oscillator strength due to
phase space filling [1]. In the regime of coherent pump-
ing at the exciton resonance, the light-field dresses the
electron-hole gas and dynamical Stark splitting has been
clearly observed in GaAs quantum wells embedded [2]
or not [3, 4] in a microcavity. Actually, in this coher-
ent regime, the excitation-induced dephasing is found to
be reduced as a result of the significant decrease of the
Coulomb collision rates [5]. As a consequence, the light-
induced exciton dressing renders this many-body system
comparable to a non-interacting atom system [6]. This
issue is very important if one tries to extend coherent
manipulations as those performed in atomic systems [7]
to semiconductors in view of possible applications.
In modulation-doped semiconductor quantum wells,
excess carriers coalesce with excitons to form charged
excitons (trions). The absorption spectrum is then mod-
ified: a trion resonance appears below the exciton res-
onance [8]. However, many-body interactions also tend
to become more complex. Electrons, for instance, are
known to strongly screen the exciton oscillator strength
[8, 9] and to modify their linewidth and binding energy
through exchange interactions [10]. Thus, the shape of
the exciton line, as well as that of the trion line, depends
strongly on the strength of electron scattering with exci-
tons and trions. Indeed, we have observed, as others be-
fore us, that a high energy tail develops at both exciton
and trion resonances upon increasing electron concentra-
tion [11]. This gives strong evidence for the strength
of the interaction of electrons with excitons and trions.
In this condition, it is expected that coherent exciton-
light coupling should be destroyed due to electron-exciton
collision broadening, and profoundly change the impor-
tance of light dressing on excitons. Actually, we evidence
that the nonlinear exciton-light coupling dominates the
electron-exciton scattering. This fact brings new open-
ings towards possible coherent manipulations in semicon-
ductor quantum wells containing an electron gas.
In this paper, we investigate the role of light dressing-
exciton in the scattering of excitons with thermalized
electrons. We selected a sample which evidences electron
scatterings with excitons and trions through a promi-
nent high energy tail in their absorption resonances. We
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FIG. 1: Exciton-light coupling diagram, respecting exciton-
transition selection rules: (a) σ+ (σ−) spin-up +1 (spin-down
-1) exciton state Xσ+ (Xσ−) with -1/2 (+1/2) electron spin
and hole angular momentum projection +3/2 (-3/2). (b) σ+
pump pulse dresses Xσ+ state which is probed by a σ
+ probe
pulse, when it is probed by a σ− pulse, the transition is to
unbound XXu state (c). (d) The bound XXb is dressed by a
σ+ pump pulse and the Xσ− state is probed by a σ
− pulse.
~Ω represents the ac Rabi splitting of the dressed eigenstates.
ar
X
iv
:0
70
8.
23
30
v1
  [
co
nd
-m
at.
mt
rl-
sc
i] 
 17
 A
ug
 20
07
2use a pump pulse to coherently prepare the exciton state
and we follow the evolution of the excitonic absorption
line by measuring the spectrum of a weak probe pulse
at different delays with respect to the preparing pump
pulse. Detecting the excitonic ac Stark splitting, Mollow
triplet and Autler-Townes doublet allows us to demon-
strate that the interaction between thermalized electrons
and excitons does not prevent dressing excitons. In ad-
dition, we evidence that exciton-light coupling partially
inhibits scattering of excitons by electrons. This is es-
tablished by exciton resonance narrowing and reduction
of the high energy absorption tail.
Possible exciton transitions are determined by the op-
tical selection rules. In Fig. 1(a), we show the diagram
for exciton-light coupling for pulsed σ+ and σ− circular-
polarizations, considering both excitons (X) and biex-
citons bound (XXb) and unbound (XXu) states. The
heavy-hole exciton state Xσ+ (Xσ−) is dressed by a σ+
(σ−) pump pulse and probed by either a σ+ (Fig. 1(b)) or
a σ− (Fig. 1(c)) probe pulse. Fig. 1(d) shows the scheme
for dressing the bound-biexciton state XXb and probing
the exciton state Xσ− .
We worked on a one-side modulation doped
CdTe/Cd0.27Mg0.73Te heterostructure [12], contain-
ing a single CdTe quantum well of 8 nm yielding
absorption-like reflectivity spectra [11]. A remote donor
layer of iodine was embedded in the cap layer, yielding a
population of about 4×1010 cm−2 excess electrons in the
QW. In this regime, at 5 K, two resonances separated
by 3 meV arise below the band gap; they are attributed
to heavy-hole excitons (1625.7 meV) and negatively
charged excitons (trions, 1622.4 meV).
At the bottom of Fig. 2(a) and 2(b) we plot the reflec-
tivity spectra of the sample at -20 ps delay time, which is
identical to its cw reflectivity spectrum [11]. It is impor-
tant to notice the high energy tail of both exciton and
trion resonances. We performed a calculation in which
we have properly included electron-trion and electron-
exciton scattering. It allows us to reproduce adequately
such high energy tails [see [11] for details]. Our calcu-
lations further indicate that exchange scattering is very
strong compared to direct Coulomb scattering, as also
shown by others studies [10, 13], and therefore dominates
the broadening mechanisms.
Pump and probe experiments were performed in reflec-
tivity at 5 K. The 100 fs output pulses of a Ti:Saphire
laser were split into two: a small portion circulated
through a delay line and probed the changes in suscepti-
bility near the exciton resonance, while the major portion
passed through a pulse shaper to generate 4 ps long and
0.5 meV wide tunable pump pulses. The pump/probe in-
tensity ratio was larger than 50 for all experiments so that
probe reflectivity spectra remained linear in the probe
field. The polarization of both pump and probe pulses
were chosen independently. We recorded the reflectivity
(Fig. 2) and differential reflectivity (Fig. 3 and 4) spec-
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FIG. 2: (color online). Reflectivity spectra collected at vari-
ous delay times for a σ+ pump tuned to the exciton resonance
(1625.7 meV). The vertical scale is the same for all spectra.
The probe is co-polarized and the dashed lines indicate the
position of the Stark split modes (a). The probe is counter-
polarized and the dashed-line indicates the position of the
pump pulse (b).
tra for various delays between pump and probe pulses.
As usual, negative delay means that the probe leads the
pump.
In our investigations, we use the pump pulse to dress
exciton states and we are interested to follow their evolu-
tion in time. It is important to know that dressed states
are best evidenced when the probe and pump pulses over-
lap at negative time delays [2, 3]. Then, we use pump
pulses with 4 ps duration and with the highest possible
intensity (about 2× 1011 photons/pulse cm2).
First, we tuned the pump pulse on the exciton reso-
nance and we worked in σ+σ+ polarization configuration
(Fig. 1(b)). As the probe delay is changed at negative de-
lays, we monitored the build up of the pump field and its
effect on the exciton resonance. As Fig. 3(a) shows, the
exciton resonance splits up as the pump intensity rises.
Two side modes grow apart, with an energy separation
scaling with the square root of the pump intensity. This
is a key feature of the ac Stark splitting effect, which
originates from a nonlinear coupling between the strong
electromagnetic field and the excitonic resonance. This
coherent light-exciton coupling is characterized by a Rabi
energy ~Ω. The Rabi energy is half of the separation
between the sidebands, which correspond to transitions
between the eigenstates of the exciton system dressed by
the electromagnetic field (Fig. 1(b)). Would the exciton-
electron scattering be very efficient, the exciton dephas-
ing time would be very fast thereby destroying the co-
herent exciton-light coupling. In such a condition, the ac
Stark splitting would not be observable. The clear obser-
vation of the dressed-exciton in the optical response of a
quantum well containing free carriers indicates that the
3nonlinear exciton-light coupling dominates the electron-
exciton scattering. Upon excitation we clearly observe
a narrowing of the Stark sidebands together with a re-
duction of the high-energy tail. It is important to re-
mind that this high-energy absorption is due to exchange
electron-exciton scattering. According to this discussion,
our result evidences that the dressing of excitons by light
dramatically reduces their exchange interaction with the
thermalized electrons.
Interestingly enough, the original exciton spectral posi-
tion becomes increasingly transparent as the pump power
increases and eventually the transparency turns into gain
as in a strongly driven two-level system. Mollow pre-
dicted this gain without inversion of population [14]; it
can be seen as interferences of various paths of n-photons
transitions between dressed states. Ciuti et al. [5, 15]
have shown that this simple two-level picture still holds
for the much more complex case of excitons in a quan-
tum well, allowing for the existence of gain. This gain
observed here evidences the occurrence of quantum co-
herent interferences via dressed exciton states, even in
the presence of thermalized electrons.
Of course, the pump field is also absorbed, which cre-
ates excitons. At zero delay, the estimated density of the
photogenerated σ+ polarized exciton gas is 5×1010 cm−2.
Excitons repel each other due to Pauli exclusion principle
through exchange of their constituent carriers. The exci-
ton resonance blueshifts [16], rendering the exciton Stark
split states asymmetric, as we observe. The build up of
the exciton blue shift is clearer on differential reflectivity
spectra (Fig. 3(a)). Similarly to ac Stark splitting, the
role of electrons on exciton-exciton correlations of same
spin through exchange interaction is not preponderant.
Still, their signature is very clear at positive delay: they
coalesce with excitons to form trions within 10 ps [17].
Since the σ+ pump field only couples to exciton with
angular momentum +1, ac Stark splitting should not
be observed for σ+σ− counter circular polarizations be-
cause the σ+ and σ− transitions share no common states
(Fig. 1(a)). However, if excitons with opposite spins are
correlated, they can form bound and unbound biexciton
states (see three-level system in Fig. 1(a)). Then, al-
though σ+ and σ− transitions share no common state,
the σ+ pump can dress the Xσ+ state and the probe may
coherently couple this Xσ+ dressed state to the unbound
biexciton state XXu (Fig. 1(c)). Indeed, as the pump
field builds up, a spectral dip appears in the probe re-
flectivity spectrum at the exciton energy (Fig. 2(b)). At
zero delay, the sample even becomes fully transparent at
this wavelength. So the probe reflectivity spectrum fea-
tures two resonances called Autler-Townes doublet [18].
This doublet may be traced back to both transitions from
Xσ+ dressed state to undressed unbound biexciton state
XXu (Fig. 1(c)); the Rabi energy being the separation
between the resonances, which is half the energy sepa-
ration between the sidebands in ac Stark splitting. In-
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FIG. 3: (color online). Differential reflectivity spectra as a
function of the delay time for (a) σ+σ+ and (b) σ+σ− pump
and probe. The σ+ pump (vertical arrow) is tuned to the
exciton resonance (1625.7 meV).
deed, we find a smaller energy separation between the
two sidebands for counter-circular polarization than for
co-circular polarization. However, the measured energy
is not exactly the expected value, which is not surprising
considering that this three-level system is formed by cor-
related exciton and biexciton states together with their
renormalization energies. This result would require a full
theoretical analysis, which is not the scope of this paper.
Due to the fact that Autler-Townes doublet is detected
by probing the transitions from eigenstates of the dressed
exciton to undressed biexciton state, it should be much
more sensitive to the presence of electrons than in the
case of ac Stark splitting. Actually, this is revealed by the
tiny decrease of the high energy tail of their sidebands.
More insight on the exciton correlations is gained by
looking at the differential spectra in Fig. 3(b). The ob-
served nonlinearities on the exciton resonance at short
positive delay times are very much comparable to the
ones observed for σ+σ+ pump and probe Fig. 3(a); a
blueshift of the exciton resonance is clearly visible as
well as a strong bleaching of the absorption line. Yet,
neither Pauli blocking nor first-order Coulomb-induced
nonlinearity are expected to lead to a coupling among
the subspaces of different exciton spin state, thus, the
observed correlations evidence high-order Coulomb cor-
relations between excitons [19]. Their strength makes
the observation of biexciton bound states likely [20] and
we associate the induced absorption that shows up about
4 meV below the exciton line to bound biexcitons [11].
Since bound biexciton states can be formed within an
electron gas, we can now determine if, similarly to un-
bound biexciton states, they may take part into coherent
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FIG. 4: (color online). Differential reflectivity spectra as a
function of the delay time for (a) σ+σ+ and (b) σ+σ− pump
and probe. The σ+ pump (vertical arrow) is tuned close to
the biexciton resonance (1621.8 meV).
processes. To this aim, we tune the pump close to the
bound-biexciton resonance in σ+σ− configuration [21].
At exciton resonance and negative delay times, differen-
tial spectra (Fig. 4(b)) evidence a coherent signal simi-
lar to the one observed in Fig. 3(b). Despite the elec-
tron population, the virtual bound-biexciton state XXb
is dressed by the σ+ pump pulse and the Autler-Townes
doublet can be probed via the Xσ− exciton transition
(Fig. 1(d)). This is possible because the Xσ− exciton and
the σ+ dressed XXb biexciton share a common state. In
the case of σ+σ+ configuration, bound biexcitons cannot
be formed and no coherent signal is established at exciton
resonance (Fig. 4(a)).
This result is corroborated by the observation, close to
zero delay, of the excitonic optical Stark shift [22, 23, 24,
25], which is due to a coupling between the exciton and
all virtual two-exciton states, bound and unbound. At
small detuning, when the pump is tuned close to biex-
citon energy, this coupling is manly due to Coulomb in-
teraction. It leads to a red-shift of the exciton line in
the case of stable bound biexciton state [25], otherwise
the exciton resonance undergoes a blue-shift. Indeed, the
exciton resonance is blue-shifted in σ+σ+ configuration
(Fig. 4(a)), while in σ+σ− it is red-shifted (Fig. 4(b)).
When the pump is tuned close to the biexciton reso-
nance, it overlaps inevitably the trion resonance. Thus,
a population of 2×1010 cm−2 trions is generated, deplet-
ing the well from its excess electrons. It diminishes the
scattering of the excitons by electrons leading to a net in-
duced absorption at the exciton resonance with a bleach-
ing at the high energy tail [26]. This results evidences
that the presence of electrons provides efficient screen-
ing of excitons, attenuating their oscillator strength and
broadening their resonance. Nevertheless, light dressing
of excitons, quantum coherence and exciton correlations
are omnipresent and still observed.
As a conclusion, we evidenced that exciton coupling
to the incident field remains sufficiently robust in the
presence of electrons to observe ac Stark splitting, which
evolves in a Mollow triplet with gain at exciton reso-
nance. In addition, we demonstrated that exciton corre-
lations remain very strong within an electron gas. They
yield unbound and stable bound biexciton pairs that
play an important role in quantum coherent processes
evidenced via Autler-Townes doublet and optical Stark
shift. We also showed a narrowing of the exciton side-
bands, evidencing the lowering of scattering between
incoherent-electrons and dressed-excitons.
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